Background: Many of the diverse functions of cilia depend upon tight control of their length. Steady-state length reflects a balance between rates of ciliary assembly and disassembly, two parameters likely controlled by a length sensor of unknown identity or mechanism. Results: A null mutation in Chlamydomonas CNK2, a member of the evolutionarily conserved family of NIMA-related kinases, reveals feedback regulation of assembly and disassembly rates. cnk2-1 mutant cells have a mild long-flagella (lf) phenotype as a consequence of reduced rates of flagellar disassembly. This is in contrast to the strong lf mutant lf4-7, which exhibits an aberrantly high rate of assembly. Cells carrying both mutations have even longer flagella than lf4-7 single mutants do. In addition to their high rate of assembly, lf4-7 mutants have a CNK2-dependent increase in disassembly rate. Finally, cnk2-1 cells have a decreased rate of turnover of flagellar subunits at the tip of the flagellum, demonstrating that the effects on disassembly are compensated by a reduced rate of assembly. Conclusions: We propose a model wherein CNK2 and LF4 modulate rates of disassembly and assembly respectively in a feedback loop that is activated when flagella exceed optimal length.
Introduction
Perturbations in ciliary length are associated with certain ciliopathies, diseases that arise from defects in ciliary structure or function. For example, long cilia have been associated with retinitis pigmentosa [1] [2] [3] and Meckel syndrome [4] in humans. Short cilia often arise from defects in the machinery of ciliary assembly or the composition and structural integrity of cilia, but long cilia arise from defects in the processes that regulate ciliary length. Mutations that cause abnormally long cilia are therefore valuable for studying these processes.
Cilia are regenerated de novo at least once per cell cycle in interphase. Components of the growing cilia are transported to the tip by molecular motors through a process known as intraflagellar transport (IFT). Anterograde IFT, utilizing kinesin-2 motor proteins, delivers components to the ciliary tip, whereas retrograde IFT, utilizing cytoplasmic dynein motor proteins, returns IFT components to the cell body (reviewed in [5] ). As cilia elongate, the rate at which IFT delivers cargo to the tip decreases; consequently, the rate of ciliary assembly is inversely proportional to the length of the cilium [6] [7] [8] . The delivery of new membrane to the cilium by Golgi-dependent vesicular trafficking is also important for the assembly and maintenance of flagella [9] [10] [11] .
In contrast to assembly, the rate of ciliary disassembly is length independent (e.g., [7] ). There is constant turnover of microtubule subunits at the distal tip of the cilium [6] , and steady-state length is achieved at the balance point, when the rate of assembly is equal to the rate of disassembly [6] [7] [8] . It has been argued that little or no regulation of assembly and disassembly is required per se to maintain wild-type ciliary length [12, 13] . However, the existence of mutations that alter ciliary length, especially long-cilia mutants, suggests that the normal function of these mutated components is to regulate ciliary length, possibly by regulating the rates of assembly and/or disassembly.
The NIMA-related protein kinases (Neks) are a family that may have coevolved with centrioles to regulate cilia and cellcycle functions [14] . Previously, we showed that a Chlamydomonas Nek, CNK2, localizes to flagella, and that RNAi of CNK2 causes slightly long flagella, whereas overexpression causes slightly short flagella [15] . Here we describe a new cnk2-1 null strain that exhibits a similar mild long-flagella phenotype. Importantly, we find that the cnk2-1 null is defective in some types of ciliary resorption, consistent with a reduced basal rate of ciliary disassembly. We discover a genetic interaction between cnk2-1 and the long-flagella mutant lf4 and propose a model wherein the dysregulated flagellar assembly of lf4 mutants [13] is enhanced by reduced disassembly in cnk2-1. We also show that perturbations in flagellar length are associated with measurable changes in the rates of flagellar assembly and disassembly. Our results reveal an active length-sensing mechanism that regulates ciliary length, probably through feedback control of the rates of assembly and disassembly.
Results
The cnk2-1 Mutant Is Null and Has a Flagellar Resorption Defect The Chlamydomonas cnk2-1 mutant strain is an insertional mutant, discovered during the early stages of a long-term project to generate a robust insertional mutant library for Chlamydomonas complete with flanking sequence tags [16] . The mutants are produced by transforming a derivative of the wild-type strain CC-124 with a spectinomycin resistance cassette, CrAad, and salmon sperm carrier DNA, and flanking sequence tags are identified by 3 0 rapid amplification of cDNA ends (RACE) [16] . For the cnk2-1 mutant strain, 3 0 RACE showed that the 3 0 end of the insertion lies within the intron of the CNK2 5 0 UTR. We were interested in characterizing the strain further because of our earlier work on this gene [15] .
To characterize the 5 0 end of the insertion, we made a forward PCR primer complementary to a sequence near the stop codon of the CrAad gene and screened a number of reverse primers specific for different parts of the CNK2 gene until we found a pair that successfully produced a PCR product. We found that pairing with a reverse primer that anneals near the CNK2 start codon produced a PCR product. Sequencing of this PCR product revealed that the 5 0 end of the insertion also lies within the first CNK2 intron in the 5 0 UTR ( Figure 1A ). To separate the CrAad insertion in the CNK2 gene from additional insertions of either CrAad or salmon sperm carrier DNA, *Correspondence: quarmby@sfu.ca we performed four backcrosses with the wild-type strain CC-125 and followed the insertion by PCR ( Figure 1B, top panel) . All subsequent experiments were performed on fourth-generation cnk2-1 backcrossed strains.
We next raised an antibody against purified recombinant CNK2 protein (see Supplemental Experimental Procedures available online). Using this antibody in western blots, CNK2 protein was not detectable in whole-cell extracts of wild-type cells (data not shown), but a band of 72 kDa, the predicted size of CNK2, was detectable in flagellar extracts. This band was not present in cnk2-1 flagellar extracts, and we concluded that the antibody is specifically recognizing CNK2 and that cnk2-1 is null for protein expression ( Figure 1B ).
Because we had previously shown that RNAi of CNK2 results in a mild long-flagella phenotype [15] , we compared flagellar lengths, and we found that cnk2-1 mutant flagella were slightly longer than wild-type. Transformation of the mutant strain with a 10 kb genomic fragment containing the CNK2 gene fully restored expression of CNK2 in flagella (Figure 1B) and restored wild-type flagellar length ( Figure 1C) .
We hypothesized that the cnk2-1 cells were compensating for the loss of CNK2 protein and screened known chemical modifiers of flagellar length for enhancers of the cnk2-1 phenotype. Sodium pyrophosphate (NaPPi) and 1-isobutyl-3-methylxanthine (IBMX) both cause gradual resorption of wild-type flagella [17, 18] . We found that both chemicals induced flagellar resorption in both WT and cnk2-1:CNK2 rescue cells but had a greatly reduced effect on cnk2-1 mutants (Figures  2A and 2B) .
Chlamydomonas cells resorb their flagella when transferred from liquid to solid media. We tested the effect of the cnk2-1 mutation by maintaining cells in liquid media for 24 hr before transferring them to solid media and comparing the fraction of flagellated cells. Under these conditions, 70% of cnk2-1 mutant cells were flagellated after 24 hr on solid media, whereas wild-type and cnk2-1:CNK2 rescue strains were 14% and 5% flagellated, respectively ( Figure 2C ). When deflagellation-defective fa mutants are exposed to pH shock-the stimulus that induces deflagellation in wild-type cells-they partially resorb their flagella rather than deflagellating [19] . However, cnk2-1 fa1-4 double mutants did not resorb or deflagellate in response to pH shock (data not shown).
Chlamydomonas flagella also resorb when the two flagella are unequal in length. This phenomenon is most apparent in a ''long-zero'' experiment: when one flagellum is amputated and the other is full length, the long flagellum resorbs as the zero-length flagellum regenerates, and once they are equal in length, they continue to regenerate together until both flagella are full length again [12, 20] . To test the role of CNK2 in the resorption phase of long-zeros, we used adf1-6 [21] , a hypomorphic allele of an acid deflagellation-defective mutant in which w10% of cells shed a single flagellum after treatment with weak organic acid. We loaded adf1-6 or adf1-6 cnk2-1 cells into a microfluidic chamber under continuous flow of fresh media, induced deflagellation by lowering the pH of the media to 4.0 with acetic acid for 1 min, and then imaged uniflagellate cells for 1 hr to observe flagellar length equalization. Similar to previous results with wild-type cells [12] , we consistently observed that in adf1-6 cells, the remaining flagellum resorbed during the initial phase of regrowth of the shed flagellum ( Figure 2E ). We did not observe any abnormal behavior such as overshoot (data not shown). Strikingly, in adf1-6 cnk2-1 double mutants, we never observed resorption of the longer flagellum as the shed flagellum regenerated ( Figure 2F ). We conclude that CNK2 is required for the resorption phase of flagellar length equalization.
Finally, we investigated the role of CNK2 in premitotic flagellar resorption. The final stage of flagellar resorption prior to mitosis is a microtubule-severing event that occurs between the basal body and the flagellar transition zone, at the proximal site of severing (PSOS) [22] . This severing event does not typically occur until tip-down resorption is nearly complete, so the by-product of this severing is a small flagellar remnant (<1 mm long) left in the mother cell wall. We reasoned that if CNK2 is an important component of the premitotic resorption pathway, we would then observe a reduced rate of resorption and a high frequency of cnk2-1 mutants undergoing early PSOS severing to produce longer flagellar remnants. However, we found that cnk2-1 mutant flagella resorb at a rate that is very similar to wild-type and that the flagella always resorbed completely, leaving no abnormally long flagellar remnants (Figure 2D) . We note that premitotic resorption is faster than other types of resorption described here (0.35 mm/min for premitotic resorption, 0.14 mm/min for long-zeros, and 0.08 mm/min for IBMX in wild-type cells). Our data indicate that premitotic resorption is regulated by signaling pathways or disassembly mechanisms distinct from resorption induced by chemicals or solid media.
cnk2-1 lf4 Double Mutants Have Longer Flagella Than lf4 Single Mutants
In Chlamydomonas, mutations in five genes (LF1-LF5) are known to cause abnormally long flagella [23] [24] [25] . Relatively little is known about the functions of the LF gene products, but it was recently shown that lf4 mutants have an increased rate of injection of IFT material into the flagellum relative to wild-type, suggesting that lf4 flagella become long due to an increased rate of assembly [13] . The lf4 mutants also have the longest flagella of all the lf mutants, with some flagella reaching nearly four times wild-type length. Populations of lf4 mutant cells have a very wide distribution of flagellar lengths, including flagella that are shorter than wild-type ( [23, 26] ; Figure 3E ).
To our surprise, we found that lf4-7 cnk2-1 double-mutant flagella were significantly longer than lf4-7 single mutants (25.4 mm versus 18.2 mm; p < 0.0001; Figure 3E ), indicating that flagella can be stable at lengths much longer than what is typical of populations of lf4-7 single-mutant cells. Furthermore, we observed that lf4-7 cnk2-1 double-mutant flagella were resistant to the effects of IBMX and NaPPi on flagellar resorption, whereas lf4-7 single mutants resorbed faster than wild-type in response to either chemical ( Figures 3F and 3G) .
The abnormal flagellar lengths of cnk2-1, lf4-7, and lf4-7 cnk2-1 can be explained by perturbations in the rates of flagellar assembly or disassembly. We propose that when wild-type flagella grow past their prescribed length or are otherwise induced to resorb, the disassembly rate is increased and the assembly rate is decreased. In cnk2-1 mutants, flagella that grow too long are unable to activate disassembly but compensate by decreasing the assembly rate. In lf4 mutants, the long flagella are unable to inhibit assembly but compensate by increasing the rate of disassembly in a CNK2-dependent fashion. We hypothesize that in the lf4-7 cnk2-1 double mutants, a decreased rate of disassembly combined with an increased rate of assembly produces extra-long flagella.
Rates of Flagellar Assembly and Disassembly Are Actively Regulated
To test the hypothesis that the disassembly rate is increased to compensate for increased assembly in lf4 cells, we examined the rates of disassembly in the fla10 mutant background. The Chlamydomonas fla10-1 mutant has a temperature-sensitive defect in a subunit of kinesin-II, the anterograde IFT motor: at the restrictive temperature (33 C), anterograde IFT and flagellar assembly are dramatically reduced [5] . Under these conditions, some flagella are lost by deflagellation while others gradually resorb due to continued disassembly with very little assembly [19] . Thus, the rate of resorption of fla10-1 mutant flagella at the restrictive temperature can be used to approximate the basal rate of disassembly.
We generated double mutants of fla10-1 with cnk2-1 and lf4-7 and a fla10-1 lf4-7 cnk2-1 triple mutant. Cells were cultured at 21 C for 24 hr and then incubated at 33 C with samples taken for flagellar length measurements every hour for 2 hr (Figure 4) . We found that fla10-1 flagella resorbed at a rate of 0.046 mm/min, whereas fla10 lf4 double mutants resorbed at an increased rate of 0.075 mm/min. The rate of resorption was much lower in fla10 cnk2 double mutants and fla10 cnk2 lf4 triple mutants (0.013 and 0.028 mm/min, respectively). These data support our idea that lf4 cells, whose primary defect is increased assembly [13] , have a compensatory elevation of disassembly rate. Importantly, the data demonstrate that the basal rate of disassembly is CNK2 dependent, as is the further stimulation of disassembly in the context of lf4.
To test whether the converse is also true, that is, whether the rate of assembly is decreased to compensate for reduced disassembly in cnk2-1 mutants, we first compared the rates of flagellar regeneration after deflagellation by pH shock (Figure 5A ). cnk2-1 mutant cells began regenerating flagella earlier than wild-type did, similar to our previously reported results for CNK2 RNAi [15] , but overall regeneration rates did not differ between cnk2-1 and wild-type cells. Consistent with our model, assembly rates during regeneration were not affected. We predict that assembly rates are affected only when flagella are full length or longer.
The most direct way to assess the rate of flagellar assembly is to measure the rate of incorporation of new tubulin subunits at the tip of the flagellum. In Chlamydomonas, incorporation can be assessed by mating a strain expressing epitopetagged HA-tubulin with an untagged tubulin strain. Each pair of mated cells will form a quadriflagellate cell (QFC), a temporary dikaryon with two pairs of flagella. These QFCs retain nearly full-length flagella for up to 2 hr before the flagella are rapidly resorbed. As the tubulin subunits are turned over at the tip of the flagella, labeled HA-tubulin subunits will be incorporated at the tip of the unlabeled flagella [6] .
If cnk2-1 mutants have reduced disassembly but wild-type rates of assembly, we would observe new HA-tubulin incorporation at the tip of the unlabeled flagella in amounts similar to or greater than wild-type, along with a gradual increase in flagellar length over the course of the experiment. However, if as we predict, flagellar assembly is decreased to compensate for decreased disassembly in cnk2-1 cells, then we would observe a decrease in the amount of HA-tubulin incorporation relative to wild-type and a constant flagellar length. We generated a cnk2-1 HA-tubulin strain and mated this strain with cnk2-1 cells with unlabeled tubulin. We incubated the QFCs for 30 or 60 min before fixing the cells for immunofluorescence. As predicted, we observed a significantly reduced amount of new tubulin incorporation at the tip of cnk2-1 mutant flagella compared to wild-type ( Figure 5 ).
Discussion

A Ciliary Length Sensor Regulates Rates of Assembly and Disassembly to Modify Length
The maintenance of normal ciliary length is critical to the normal function of many different types of cilia. Chlamydomonas relies on normal ciliary motility and signaling for feeding and mating, and cells with flagella that are too long, too short, or of unequal length do not swim well. In humans and other vertebrates, cilia are essential for developmental and homeostatic signaling processes. When cilia grow abnormally long, many of these functions are interrupted, resulting in disease [1] [2] [3] [4] .
We have shown here that perturbations in ciliary length are associated with changes in the rates of both assembly and disassembly. In lf4 mutant flagella, an increase in the rate of assembly is likely the cause of the long-flagella phenotype [13] , and the increase in the rate of disassembly may be a compensatory mechanism (Figure 4) . Conversely, in cnk2-1 mutant flagella, a decrease in the rate of disassembly is likely the cause of the long-flagella phenotype (Figures 2 and 4) , while the decrease in the rate of assembly compensates to maintain near wild-type flagellar length ( Figure 5) .
We propose that a ciliary length sensor detects abnormally long cilia and modulates rates of assembly and disassembly accordingly ( Figure 6 ). In our model, ciliary assembly would continue at a high rate until ciliary length exceeds some set length, and the length sensor would then stimulate a reduction in the rate of assembly, possibly via the LF4 kinase, and simultaneously activate disassembly via CNK2. This model explains our observation that lf4 cnk2-1 double mutants have very long flagella because the double-mutant cells have lost their ability to control rates of both flagellar assembly and disassembly. Steady-state ciliary length is ultimately a consequence of balanced rates of assembly and disassembly [6-8, 12, 13, 27] . We propose that there exists a length sensor that operates through the two kinases, CNK2 and LF4, to provide tight control of length via feedback regulation of the rates of assembly and disassembly.
CNK2 as a Regulator of Ciliary Disassembly
We have shown that the cnk2-1 mutant, which does not express any detectable CNK2 protein, has slightly longer flagella than wild-type and is defective in flagellar resorption in response to five different conditions: NaPPi, IBMX, solid media, unequal flagellar length (Figure 2) , and the loss of IFT at the restrictive temperature in a fla10-1 cnk2-1 double mutant ( Figure 4) . We propose that the defective ciliary resorption and the long-flagella phenotype are both consequences of a reduction in the basal rate of flagellar disassembly. Furthermore, that fla10-1 lf4-7 double-mutant flagella have a higher basal rate of disassembly than fla10-1 lf4-7 cnk2-1 triplemutant flagella indicates that CNK2 is required to activate flagellar disassembly when flagella grow too long (Figure 4) .
To our knowledge, cnk2-1 is the first Chlamydomonas mutant with defective flagellar resorption to be characterized, but other potential components of the resorption signaling pathway have been identified. For example, Chlamydomonas aurora-like kinase (CALK) becomes phosphorylated shortly after deflagellation [28] , and its phosphorylation state changes in response to the length of flagella [29] , indicating that it may be a component of the flagellar length-sensing pathway. The phosphorylation state of a Chlamydomonas microtubuledepolymerizing kinesin, CrKinesin-13, similarly changes as flagellar length changes during regeneration and shortening, but RNAi of CrKinesin-13 causes short flagella, not long flagella as would be expected for a component of the disassembly pathway [30] .
Unlike flagellar assembly, which is entirely dependent on IFT (reviewed in [5] ), flagellar disassembly does not require IFT. This is apparent in the temperature-sensitive retrograde IFT mutants fla15 and fla17, defective in components of the IFT-A complex, which resorb at the restrictive temperature similar to fla10-1 [31, 32] . The dhc1b-3 mutant, which has a temperature-sensitive defect in the retrograde dynein motor, lacks retrograde IFT at the restrictive temperature, and although it does not resorb upon shift to the restrictive temperature, it does resorb in response to NaPPi with wild-type kinetics [33] . Therefore, it is unlikely that the disassembly defect in cnk2-1 is caused by a decrease in retrograde IFT. Exactly how CNK2 could regulate ciliary disassembly remains enigmatic. Whereas FA2, a CNK2-related Nek required for deflagellation, localizes to the site of axonemal severing [34, 35] , CNK2 localizes along the length of the axoneme [15] . The Neks are emerging as regulators of cilia and the cell cycle, both of which are dependent on microtubules, suggesting a role for the Neks as regulators of microtubule dynamics or processes that depend on microtubules (reviewed in [36] ). Arabidopsis Nek6 (a member of the same clade as mammalian Nek11 [14] ) negatively regulates microtubule stability, possibly by directly phosphorylating b-tubulin [37, 38] , and Nek4 may perform similar functions in mammalian cells [39] . CNK2 could similarly alter flagellar microtubule stability directly, by regulating the activity of tubulin posttranslational modifications that affect microtubule stability, such as polyglutamylation and acetylation (reviewed in [40] ), or by regulating the microtubule depolymerizing functions of other proteins, such as MCAK [41] . Future work to dissect the CNK2-dependent disassembly pathway will be invaluable for understanding both the mechanism and regulation of ciliary disassembly.
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